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Introduction

A continuous flow chemistry approach for the
ultrafast and low-cost synthesis of MOF-808+

Sujay Bagi, ©>° Shuai Yuan, © < Sergio Rojas-Buzo, ©© ¢

Yuriy Roman-Leshkov () *°

®2a< and

Yang Shao-Horn'

Metal-organic frameworks (MOFs) are promising materials for a wide range of applications given their
chemical stability and structural tunability. Most traditional MOF synthesis methods use batch reactors
with intrinsic inefficiencies during scale-up that negatively impact process productivity. Here, we report a
low-cost and energy-efficient continuous manufacturing process for MOF-808—a Zr-MOF widely
studied as a catalyst and adsorbent in industrially important processes—using flow-through reactors that
increase process yields and minimize solvent use compared to batch processes. The flow platform
allowed us to investigate the influence of several synthesis parameters, including residence time, linker
concentration, and volumetric ratio of modulator and solvent on the crystallization process. Under
optimal conditions, the N,N-dimethylformamide solvent and formic acid modulator volumetric amounts
were decreased by 84% and 67%, respectively, and resulted in an increase in productivity (defined in units
of kgmor M~ day™) by two orders of magnitude with similar yields, compared to established batch syn-
thesis methods. A process engineering assessment based on laboratory-scale synthesis routes was per-
formed to compare energy and cost savings for flow and batch workflows, indicating that solvent use was
the largest contributor to the overall cost. The methodology presented in this work opens new pathways
for critical assessment and optimization of continuous manufacturing routes on a lab-scale environment,
which serve as a preliminary step for the transition to more efficient MOF synthesis routes at the industrial
scale.

catalysis.” Among the large number of MOF structures
reported in the Cambridge Structure Database,® Zr-based

Metal-organic frameworks (MOFs) are an emerging class of
crystalline porous materials exhibiting high surface areas and
tunable pore enviroments."”” MOFs are coordination com-
plexes consisting of organic linkers and inorganic polynuclear
clusters forming two- and three-dimensional structures.
Considering the possible combinations of metal clusters with
organic linkers, the number of accessible frameworks is theor-
etically limitless, which opens new pathways for applications
ranging from gas storage,>* separation,” drug delivery,”® and
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MOFs are particularly interesting due to their high chemical
stability as well as amenability to post-synthetic modification
(PSM).° For instance, MOF-808 a Zr-MOF first reported by
Furukawa et al.,' features large cavities (diameter of 18.4 A)
and high Brunauer-Emmett-Teller (BET) surface areas exceed-
ing 2000 m> g~'. The high oxidation state of Zr in the in-
organic secondary building unit (SBU) results in high charge
density and bond polarization leading to strong coordination
bond between Zr and O atoms in the structure, which imparts
MOF-808 with remarkable stability in hydrothermal and acidic
environments."’ The inorganic SBU in MOF-808 comprises
Zre(13-0)4-(p3-OH)4(CO,);, clusters (referred to as Zre-clusters),
wherein terminal formate anions can be further replaced by
other functionalized ligands during MOF synthesis or by PSM,
allowing for facile incorporation of targeted functional
groups.’” The presence of large cavities with stable, open
coordination sites amenable to PSM has made MOF-808 an
attractive candidate for use in industrial processes such as
methane oxidation to methanol,"® heavy metal ion
capture,'"® superacid catalysis,"*'® water capture,'® shape-
selective catalysis'”'® and others.

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/greenchem
http://orcid.org/0000-0001-7028-190X
http://orcid.org/0000-0003-3329-0481
http://orcid.org/0000-0002-7257-1027
http://orcid.org/0000-0001-8714-2121
http://orcid.org/0000-0002-0025-4233
http://crossmark.crossref.org/dialog/?doi=10.1039/d1gc02824c&domain=pdf&date_stamp=2021-12-07
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc02824c
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC023024

Open Access Article. Published on 05 November 2021. Downloaded on 6/25/2026 8:42:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

The solvothermal synthesis of microcrystalline MOF-808
under laboratory conditions is performed typically in batch
reactors on the gram-scale.®'®'*"'” In particular, the synthesis
of 1 g of MOF-808 in a batch reactor requires the dissolution
of 1.134 g of ZrOCl,-8H,0 and 0.245 g of benzene-1,3,5-tricar-
boxylic acid (H;BTC) in a solvent mixture comprising 45 mL
N,N-dimethylformamide (DMF) and 45 mL of formic acid (FA),
followed by heating at 130 °C for 48 h to generate crystalline
solids with ca. 75% yield based on the H;BTC linker incorpor-
ated to the structure.'” Labile monocarboxylate ligands, such
as formate, acetate, and propionate, serve as growth modu-
lators in MOF-808 syntheses to regulate crystal growth, tune
pore sizes, and improve framework crystallinity.""'® Slow crys-
tallization times coupled with high solvent-to-solid ratios
severely limit process productivity, and this problem is exacer-
bated due to heat and mass transfer limitations during scale-
up of batch reactors.?® These inefficiencies translate to higher
synthesis costs and more difficult quality control of the final
crystal structure.”’ Advances in reactor engineering over the
past two decades have seen the emergence of continuous flow
reactors as an alternative high-throughput synthetic vector to
batch reactors and have transformed materials synthesis in the
field of porous materials,**** polymer chemistry,>* organic
synthesis,>® pharmaceuticals,”®?”  photochemistry,”® and
multi-phase systems (gas-liquid, liquid-liquid, solid-liquid,
etc.).”>*° The unique advantages of flow reactors in terms of
fast heat and mass transfer rates, efficient mixing, precise
control over experimental conditions, and ease of scalability
through parallelization stem from short diffusion lengths.**>
A beneficial consequence of flow chemistry platforms is their
enabling ability to screen reaction synthesis spaces in less
time than in conventional batch systems, which is essential for
improving optimization schemes to maximize overall process
productivity.>® To this end, we surmised that switching the
synthesis of MOF-808 from batch to flow would improve our
understanding of early stage crystallization processes as well
as provide an alternative low-cost and high-throughput route
to match industrial-scale production at competitive market
prices.**?

Numerous studies over the past few years have demon-
strated the benefits of synthesizing MOFs in flow,**™*
however, the influence of synthetic parameters on product
crystallinity and scale-up strategies for high-throughput manu-
facturing have not been explored thoroughly. Only a handful of
studies®”*® have established the feasibility of synthesizing
MOF-808 in flow, but a comprehensive understanding on the
influence of synthetic parameters on product crystallinity,
pathways to achieve high process yields, and solvent use
optimization have not been explored in detail. Here, we report
a continuous flow method for the synthesis of MOF-808 under
mild solvothermal conditions achieving highly crystalline
product on the order of minutes. We map the chemical design
space with an overall goal of minimizing the use of reagents
such as FA and DMF, while increasing the concentration of
linker in the precursor mixture to deliver higher production
rates. Finally, we used a streamlined techno-economic analysis
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(TEA) to identify cost drivers and quantify metrics influencing
MOF-808 manufacturing costs in lab-scale scenarios using
flow and batch reactors. This work opens new pathways for a
sustainable and low-cost MOF synthesis.

Results and discussion

The scheme for MOF-808 production illustrated in Fig. 1a con-
siders the well-established batch synthesis method and the
continuous flow process developed in this study. While
reagents in the precursor mixture and the final product
obtained remain the same, the major difference in the two
processes originates from reaction conditions (i.e., tempera-
ture, residence time and reagent concentration), the process
yield, and production rates. A continuous flow reactor offers
the ability to fine-tune physicochemical properties such as
crystal size of MOF. In our flow reactor, we rely on a biphasic
liquid-liquid slug flow profile generated using a T-junction to
perform continuous microbatch MOF crystallization reactions
in a compact heated zone (Fig. S17). Silicone oil is selected as
an immiscible, inert, and recyclable continuous phase as it
preferentially wets the PTFE reactor tubing and encapsulates
the slugs (or pL droplets) of the dispersed phase containing
the MOF precursors. This results in miniaturization of the
reaction system that reduces diffusion lengths, aids in rapid
mixing of reagents, enables fast heat and mass transport,
allows for seamless control of residence time (order of milli-
seconds), and reduces crystallization time.***® As the precur-
sor enters the heated reaction zone, viable nucleation sites
emerge from short-range crystalline order, proceeding to
crystal growth, and culminating in the formation of MOF
crystals.**! Video S1f shows precursor slugs with crystalline
MOF solids at the outlet of the reactor, operated at 150 °C with
a residence time of 5, 15, 30, and 120 min. Additional details
pertaining to volumetric flow rates and residence times are
summarized in Fig. S1, and Tables Sla and S2 of the ESLf
while flow reactor operation and various components used are
covered in our previous work.>>*°

First, we synthesized MOF-808 in flow conditions at 150 °C
and varying residence times from 1 min to 120 min to probe
the evolution of crystallinity compared to the benchmark
batch reaction conditions (130 °C and 48 h) with identical
initial precursor composition as Batch (0.33 mmol of H3;BTC
and 1.003 mmol of ZrOCl,-8H,0O in DMF/formic acid mixture
(15 mL/15 mL)). As shown in the powder X-ray diffraction
(PXRD) patterns in Fig. 1b, long-range crystalline order started
to develop at residence times as low as 2 min in flow and
attained full crystallinity at 5 min, beyond which there were no
changes detected in the PXRD patterns. Moreover, PXRD pat-
terns showed no mismatch in 2 theta positions, confirming
the single-phase nature of microcrystalline powder samples
synthesized in flow. SEM images (Fig. S3f) of samples with
residence times below 15 min confirmed the octahedral shape
of MOF-808 nanoparticles synthesized in flow which is consist-
ent with the batch synthesized sample. TEM images in Fig. 1c
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(a) Synthesis scheme for MOF-808 using batch and flow reactors. (b) PXRD patterns showing evolution of crystallinity with residence time

for samples synthesized in flow at 150 °C, compared to batch (130 °C, 48 h). (c) TEM images showing morphology of microcrystalline MOF-808
nanoparticles at short residence times (1 to 15 min) and the corresponding batch sample (48 hours).

show the changes in morphology of MOF-808 nanoparticles at
short residence times (1 to 15 min). MOF-808 particles syn-
thesized in flow measured on average ca. 140 nm compared to
360 nm in batch (Fig. S67). Average crystal sizes were obtained
from measurements of ~80 nanoparticles for each residence
time, with the error bars corresponding to one standard devi-
ation (Fig. S471). The ability to generate smaller monodisperse
crystalline particles in our flow reactor is advantageous for
practical applications such as adsorption,> separation,” and
catalysis®®> as they improve active surface area and minimize
diffusion limitations. Average crystal sizes for Zr-MOFs can be
tuned by coordination modulation, where the formate ligand
(growth modulator) with similar chemical functionality to the
H;BTC linker competes for coordination with the SBU.'%*!
Increasing the amount of modulator in the reaction mixture
disfavors the formation of nucleation sites resulting in fewer
nuclei growing to be larger crystals, thereby explaining the
change in crystal sizes. In contrast, a higher linker concen-
tration in the reaction mixture enhances the linker coordi-
nation with the SBU by reducing the competitive coordination
of the formate ligand, leading to an increase in the number of
nucleation sites that grow at a faster rate ultimately resulting
in smaller crystal sizes.’® Accordingly, tuning the amount of

9984 | Green Chem., 2021, 23, 9982-9991

modulator and linker concentration in the reaction mixture to
achieve desired size, porosity, crystallinity and yield with the
lowest residence time is imperative from process development
standpoint.

We performed experiments by changing one process vari-
able at a time (OVAT) to screen the effects of residence time,
volumetric ratio of formic acid (FA) and N,N-dimethyl-
formamide (FA:DMF), and linker concentration in the reac-
33,5758 report on the merits of
combining green chemistry principles, such as lower solvent

tion mixture. Several studies

usage, and higher productivity with statistical design of experi-
ments (DoE) for improved process efficiency. The process
window for MOF-808 comprises a critical range of parameters
within specific reagent molar ratios, residence times, and reac-
tion temperatures that dictate the outcome such as product
crystallinity and production rates. Owing to the wide range of
synthetic conditions reported in the previous studies for
MOF-808,'%1>71416:33:39 e fixed the reaction temperature to
150 °C and the metal : linker molar ratio (M: L) to a value of 3
for the initial syntheses of microcrystalline samples. In our
previous work,®® we investigated the effects of lower synthesis
temperatures (110 °C, 120 °C, and 130 °C) on evolution of crys-
tallinity as a function of time. We employed a parameter called

This journal is © The Royal Society of Chemistry 2021
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‘extent of crystallization’ (a(t)) that is obtained from the ratio
of integrated intensity of a prominent peak at any residence
time ¢ to the maximum intensity of the peak after complete
crystallization. The sample is crystalline if the value of (a(t))
reaches 1.0. For reaction temperature of 110 °C, residence time
of ~60 min is required for complete crystallization; however, at
a reaction temperature of 150 °C, the sample is fully crystalline
at ~5 min. Lower residence times increase the production
rates and thereby improve overall process productivity.
Temperatures above 150 °C resulted in linker degradation, and
hence were not explored further. The precursor solution used
for Batch synthesis comprised of M:L = 3 and was heated at
130 °C for 48 hours. In Fig. 2, the variability of product crystal-
linity was mapped as a function of these process parameters,
where labels for every data point represent the relative crystalli-
nity in percentage (% RC). The RC quantifies the amount of
crystalline phase present in the synthesized product using
PXRD patterns (Fig. S2 and Table S31 provide complete set of
analysis and synthesis conditions). Relative crystallinity was
determined from a ratio of intensity contributions originating
from the crystalline phase that was calculated using an itera-
tive background correction method to the total intensity from
the PXRD patterns (eqn (S1) and Fig. S2t provide additional
details). The RC of a simulated pattern obtained from single
crystal data (Fig. S2at) was defined to be at 100% and the rest
of the samples synthesized in flow were normalized to this
value. The outcome was divided into three categories based on
RC: (i) samples with >80% RC were classified as crystalline, (ii)
samples with 30% < RC < 80% classified as semi-crystalline,
and (iii) samples with RC < 30% were classified amorphous.
The effect of residence time and FA: DMF on product crys-
tallinity is shown in Fig. 2a. The linker concentration used for
all experiments was 0.033 mol (1 mmol in 30 mL precursor),
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which corresponds to 3 times the value used in benchmark
batch synthesis (termed Relative Linker Concentration (RLC) =
3) and a constant molar ratio of metal: linker (M:L = 3) was
maintained. RLC is defined as the ratio of moles of H3;BTC
linker used in the precursor for flow synthesis to the moles of
linker used in the benchmark batch synthesis. Residence
times were varied from 15-120 min for all conditions explored
while short residence times in the range of 1-5 min were run
only for the composition with FA:DMF = 2, which yielded
solids with the highest level of crystallinity (~87% RC). At
FA : DMF volumetric ratios of 1 and 2, we observed the for-
mation of crystalline MOF-808 at all residence times beyond
5 min, while residence times in the range of 1-3 min led to
amorphous and semi-crystalline products (Fig. 2a). Increasing
the amount of formic acid in the precursor mixture (FA: DMF
= 3) resulted in a semi-crystalline product at all residence
times, possibly due to competitive coordination of the formate
ligand with the SBU which reduces the chances of linker
coordination, resulting in defects and a low crystalline
product. A further increase in the amount of formic acid
(FA:DMF = 4) yields amorphous solids at residence times
below 30 min and a semi-crystalline product showing short
range order with increasing residence time. These results
suggest that longer induction periods may be necessary to
overcome the reduced rate of nucleation and crystal growth
due to the influence of excess formate ions in the precursor
solution reported previously.'>** The highest level of formic
acid (FA:DMF = 5) in the precursor mixture resulted in amor-
phous solids at all residence times, due to the H3;BTC linker
precipitating out of the solution and changing the precursor
composition and coordination equilibria required to crystallize
MOF-808. Lower levels of formic acid (FA:DMF = 0.67, and
0.25) generated amorphous solids in the form of a dense
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Fig. 2 Chemical design space of MOF-808 explored using flow synthesis at 150 °C by varying (a) residence time and solvent composition (FA : DMF)
and (b) H3BTC linker concentration and solvent composition (FA : DMF) on product crystallinity at 15 min residence time. The relative linker concen-
tration (RLC) in the precursor mixture in (a) is three times higher than batch composition (RLC = 3), while M : L = 3 is maintained for all conditions
explored. Red and blue circles represent amorphous and semi-crystalline regions, while green squares denote crystalline regions in the chemical
space. The labels for every data point represents the relative crystallinity in percentage (% RC).
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residue resulting from fast coordination reactions between the
linker and SBU - lacking long-range order.>"

The influence of linker concentration and volumetric ratio
of FA:DMF on MOF-808 crystallinity (at residence time of
15 min and a constant M : L = 3) is shown in Fig. 2b. Flow reac-
tors can usually operate at higher concentrations than batch
reactors, offering great benefits for increasing process pro-
ductivity by using higher concentration of metal salt and
linker while maintaining similar yields and crystallinity as
reported in previous studies.”>®"®* Accordingly, we explored
the effect of linker concentration on crystallinity of MOF
(Fig. 2b). Optimization of the linker concentration and solvent
composition in flow synthesis was done relative to the conven-
tional batch crystallization mixture'” (FA: DMF = 1 and RLC =
1), highlighted as ‘Batch’ in Fig. 2b. Interestingly, the standard
batch composition did not yield any solids in flow synthesis,
which led us to increase the linker concentration in discrete
steps of the initial composition by 2-, 2.5- and 3-times the
amount used in batch (per unit mass) to investigate the effects
of higher linker concentration in the reaction mixture.
Crystalline solids were obtained at reaction conditions with
FA:DMF =1, and 2, and RLC in the range of 2 to 3. In particu-
lar, the composition with RLC of 3, yielded a three-fold
increase in the amount of crystalline solids on a volumetric
basis of the precursor mixture. This synthesis condition is
labelled ‘Flow Optimized’ (Fig. 2b). This condition resulted in
lower solvent amounts required per unit mass of solids syn-
thesized and a lower residence time for crystallization, thereby
improving the overall process productivity. Other compositions
explored in the synthesis space resulted in semi-crystalline or
amorphous solids. Increasing the RLC beyond 3 led to incom-
plete dissolution of the metal salt and linker in the precursor
mixture and thus were not explored. While tuning various syn-
thetic parameters, an important metric to monitor would be
the molar ratio of modulator (Formic Acid) and the metal salt
(termed ‘FA:M’) used in the precursor mixture, stated in
Table S37t for all compositions explored in the study. The com-
position used in batch had a FA: M molar ratio of 396, while
that in flow was 176. Crystalline products were obtained in
flow synthesis only in a narrow range of FA:M molar ratios
between 176 to 264. In order to illustrate a wider chemical
design space to map the influence of the salt, linker, and
modulator on the crystallinity of MOF-808, we constructed a
ternary phase diagram (shown in Fig. S71) to identify the
regions that yield crystalline product. The axes in the ternary
diagram represent mole fractions of the FA modulator, H;BTC
linker, and the Zr metal salt; all the explored compositions
were subjected to 150 °C and 15 min residence time in the
flow reactor. The molar ratios of FA: M in compositions with
M:L = 1 were either significantly high (~1050) or below 170,
which resulted in a predominantly semi-crystalline or amor-
phous product under the residence time explored. While com-
positions with M : L = 3 represent the data shown in Fig. 2b.
Tables S4 and S51 provide calculations for yield and pro-
ductivity for batch and flow syntheses. The yield was calculated
based on the conversion of ZrOCl,-8H,0 into MOF-808

9986 | Green Chem., 2021, 23, 9982-9991
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(Table S4f). The yield obtained in flow synthesis was ~80%
while batch synthesis resulted in ~75% which is consistent
with previous studies.'®'*® The maximum productivity
achieved in batch synthesis was 335.5 kgwvor m~> day " while
flow synthesis at a residence time of 5 min resulted in
95155 kgyor m™° day ', representing a two order of magni-
tude increase in productivity.

Samples synthesized in flow at optimal reaction conditions
were characterized to evaluate surface area, porosity, and
thermal stability parameters, which were then compared to
those for the benchmark sample synthesized in batch. As
shown in Fig. 3a, the N, adsorption isotherms collected at
77 K for all samples (except the 1 min sample) were of Type I
with a step at P/P, ~ 0.03, consistent with data reported in pre-
vious studies.'®"*% The samples synthesized in flow at resi-
dence times beyond 15 min exhibited slightly higher adsorp-
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Fig. 3 (a) N, adsorption (closed symbol) and desorption (open symbol)

isotherms at 77 K for samples synthesized in batch and flow. (b) Pore
size distribution (PSD) for all samples computed using NLDFT method.
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tion characteristics compared to the samples with residence
times below 5 min, possibly due to the former having higher
crystallinity with a lower number of defects. To satisfy the first
criteria of the BET equation,®® isotherm data lying within
0.05-0.15 P/P, were selected for curve-fitting with R*> > 0.997
(Fig. S87). The BET surface area (Fig. 4a) showed a correlation
with residence time values from ~1600 m> g~ to ~2000 m>
g~' with increasing residence time from 5 min to 15 min,
beyond which it remained constant. The BET surface area for
the batch synthesized sample was ~1900 m> g~ " similar to that
reported in previous studies.'®'*® The pore size distribution
(PSD) was calculated using non-local density functional theory
(NLDFT) based on the carbon slit-pore model as shown in
Fig. 3b. The average diameter of pores for all samples was
~16.8 A. Samples with 3 and 5 min residence time showed a
lower density of pore sizes beyond 16 A. Thermogravimetric
analysis data (TGA) showing weight loss as a function of temp-
erature is presented in Fig. S9t1 for activated samples. An
initial weight loss of ~3% below 140 °C could be attributed to
the loss of physisorbed water, while an additional ~18%
weight loss was observed due to loss of coordinated water and
formate ions on the SBU up to 300 °C.°® A significant weight
loss of ~33% was observed at ~500 °C that resulted from
decomposition of the organic linkers in the framework as
shown previously.®® Owing to the amorphous nature of 1 min
sample, it showed a steady weight loss without any distinct fea-
tures common to those in crystalline samples. The residual
material in the form of white powder obtained >600 °C is com-
posed of ZrO, formed after framework decomposition as
reported by Liu et al.®

Next, we performed a preliminary techno-economic analysis
(TEA) to highlight energy- and cost-savings achieved using the
flow process compared to batch for a laboratory-scale synthesis
route. Although the number of MOF synthesis reports is exten-
sive, there is a paucity of studies that perform cost and energy
analyses of the synthesis process with the goal to improve
overall productivity by quantifying the cost drivers and redu-
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cing process waste.”®® In a continuous manufacturing
environment, comparing process parameters such as pro-
ductivity (kgmor m ™ day ') with critical attributes of the syn-
thesized product such as BET surface area (m* g~'), provides a
metric for tailoring the manufacturing output with the desired
product quality. Fig. 4a plots productivity and surface area for
the MOF-808 samples synthesized in flow and batch as a func-
tion of residence time. If high surface areas ~2000 m* g~" were
favored, our results indicate that a residence time of 15 min in
flow is preferred, thus resulting in a productivity of
31730 kgyop m > day . An increase in residence time beyond
15 min drastically reduces the productivity while resulting in
roughly similar surface areas of the synthesized MOF. A
reduction in residence time to 5 min is accompanied by lower
surface area of the MOF ~ 1600 m* g~ and a corresponding
increase in productivity to 95155 kgyor m > day . Residence
times below 3 min result in a semi-crystalline or amorphous
product (Fig. 2a) and were not considered for further investi-
gation. Residence times greater than 120 min result in produc-
tivities comparable to batch process making them unattractive
to pursue. The key translational piece for widespread use of
MOFs in different technology platforms is the ability to manu-
facture at desired scale with market prices that are not
prohibitive.’®®® The majority of lab-scale MOF syntheses
reported in the literature are carried out in batch reactors that
synthesize MOFs at the hundred milligram scale, and even at
this scale, it is crucial to estimate mass- and energy-balances
along with direct costs of synthesis before scale-up to a kg or
ton scale can be considered. For the laboratory optimized
batch and flow syntheses, we employed a process-based cost
estimation methodology to access production costs, which
mimics the actual steps of synthesis (from raw materials to fin-
ished product) and determines the final cost by summing indi-
vidual costs incurred in each of the steps.”® In order to stream-
line the techno-economic analysis (TEA), we only consider pro-
duction costs directly related to the MOF synthesis and ignore
indirect costs and labor costs. The system boundary for the
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Fig. 4 (a) Comparison of process productivity (kgmor m~> day™) and BET surface area (m? g™%) for flow synthesized MOF-808 as a function of resi-
dence time (min) compared to batch with a reaction time of 48 h. (b) Thermal energy input required to crystallize a gram of MOF for batch and flow
syntheses. Additional details on the TEA model and assumptions are listed in ESI.{
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TEA, the production scenarios, the methodology for estimating
process costs (materials, energy, and equipment), along with
the electrical energy consumed by the process is described in
section 3 of the ESL.{

We performed energy balances for both batch and flow pro-
cesses by estimating specific enthalpy changes (k] gwor '),
defined in terms of thermal energy input (k]) required for
heating a specific amount of the reaction mixture from room
temperature (20 °C) to the reaction setpoint temperature
(130 °C for Batch and 150 °C for Flow) to crystallize a gram of
MOF (Fig. 4b). Specific heat capacity ¢ (J kg™* K*) and density
p (g mL™") values for the reaction mixtures used in batch and
flow were estimated from the process modelling software
ASPEN Plus V10 (Table S107). Results showed that the hhheat
input required only for the reaction mixture is 4x higher for
batch synthesis compared to flow. For a biphasic slug flow
system in our flow reactor, we use a volumetric flow ratio of
2:1 for the reaction mixture to silicone oil for maximizing the
amount of reaction mixture injected into the reactor without
affecting the mixing characteristics in the slugs. If the energy
for heating the silicone oil (continuous phase) is added to the
energy required for heating the reaction mixture in flow, the
total heat input for the flow process is ~10 kJ gyor ', which
corresponds to less than half the value for batch synthesis.
The energy intensity of the process in terms of electrical
energy consumed to synthesize a gram of MOF (kW h g™) is
plotted in Fig. S14,7 which accounts for the total electricity
consumption in all unit operations, along with the corres-
ponding process emissions (kg CO,..q g ). Since electricity is
the only form of energy input required for the synthesis,
process emissions originate only from the electricity grid and
vary linearly as a function of energy consumed in the process.
Carbon intensity of the ISO-NE electricity grid in the form of
annual average greenhouse gas (GHG) emissions per kW h
generated was reported to be 310 g kW h™" in 2017.”" Energy
intensity of the flow synthesis compared to batch is lower by
two orders of magnitude, demonstrating significant improve-
ments in energy efficiency achieved in flow. We recognize that
the TEA assessment to translate a lab-scale synthesis to a
large-scale chemical process is very complex. Yet, given the
large number of functional MOFs reported in the literature, a
critical assessment and optimization of manufacturing routes
in a lab-scale environment serves as a valuable initial prerequi-
site for sustainable industrial-scale synthesis paving the way
for advent of low-cost MOFs in commercial technologies.

Conclusions

We report an optimized manufacturing process using continu-
ous flow reactors for the production of MOF-808. Critical
process parameters such as residence time, linker concen-
tration, as well as volumetric ratios of modulator and solvent
were rapidly screened to assess their influence on crystallinity
and surface area. Optimized synthetic conditions in flow led to
a reduction in the use of DMF by ~84% and formic acid by
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~67% on a volumetric basis - highlighting the direct benefits
of flow synthesis for process intensification. Highly crystalline
monodisperse MOF-808 nanoparticles were synthesized in a
residence time of 5 min in flow compared to 48 h in batch,
resulting in a productivity of 95155 kg m™ day ™", which rep-
resents a two order of magnitude increase to that in batch
(335.5 kg m~® day '). A TEA model was used to evaluate cost
drivers and energy and mass balances involving lab-scale syn-
thesis of MOFs. Under a continuous production environment,
solvent costs dominate the synthesis costs and a further
reduction in cost structure can be achieved by minimizing the
use of solvents or employing an efficient solvent recycling strat-
egy. The mminimum cost of manufacturing MOF-808 in a lab-
oratory-scale flow synthesis route was ~$3 per g, representing a
significant decrease in cost compared to current MOF syn-
thesis prices. The methodology used in the TEA highlights the
critical need to assess and optimize synthesis route to manu-
facture MOFs at low-cost to increase their viable use in a wide
range of established and emerging applications.
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